In the past five years, there have been numerous cases of Li-ion battery fires and explosions, resulting in property damage and bodily injuries. This paper discusses the thermal runaway mechanism and presents various thermal runaway mitigation approaches, including separators, flame retardants, and safety vents. The paper then overviews measures for extinguishing fires, and concludes with a set of recommendations for future research and development.
Introduction
Li-ion batteries have become the first choice for applications that require rechargeable batteries. Compared with previous rechargeable batteries such as lead-acid batteries [1] , Li-ion batteries have higher specific capacity, energy density, and power density. These advantages allow Li-ion batteries to support long-term operation and high-current usage, which are required by many of today's portable electronic devices, including cell phones, computers, and electric vehicles. However, Li-ion batteries present safety concerns. If the Li-ion battery is short-circuited or exposed to high temperature, exothermic reactions can be triggered, resulting in a self-enhanced increasing temperature loop known as "thermal runaway" that can lead to battery fires and explosions.
There have been numerous incidents of Li-ion batteries catching fire and exploding. For example, the United States (U.S.) Federal Aviation Administration (FAA) reported 206 air/airport Li-ion battery fire/explosion incidents from March 1991 to January 2018 [2] . In May 2011, a Chevrolet Volt caught fire three weeks after a crash test [3] . In 2013, several Tesla Model S sedans caught fire after they were damaged by road debris. Although Tesla strengthened the battery shield on its new and existing cars, in August 2016, a Tesla electric car caught fire in France during a promotional tour. In 2016, 92 Samsung Note 7 smartphones caught fire and caused a mass product recall [4] . Other Li-ion battery-powered devices have also been mentioned in fire-type incidents, such as notebook computers [4, 5] , hoverboards [4] , and electronic cigarettes [6, 7] . The corresponding causes for the Li-ion battery incidents vary. Short circuits, mechanical abuse, battery overcharging, and design and manufacturing flaws can all result in a battery fire/explosion. Saxena et al. [8] investigated e-cigarette incidents and found that the e-cigarette market is not regulated. Low-quality or even defective batteries are entering the market, which increases the risk of Li-ion battery explosions.
In conventional Li-ion batteries with liquid electrolytes, there are five key components: anode, cathode, separator, current collectors, and electrolyte. Among these components, the separator and the electrolyte are less tolerant to increasing temperature than the electrodes and current collectors,
The Thermal Runaway Process
This section discusses how thermal runaway influences battery behavior. The thermal runaway process affects the battery voltage, temperature, and pressure. The battery voltage drops sharply before thermal runaway due to the delamination of the battery electrodes. The battery temperature increases because the heat generation rate overwhelms the heat dissipation rate. In addition, due to the reactions among battery active materials, organic electrolyte evaporation and gas generation lead to an accumulation of gases in the battery.
Under normal operation conditions, the battery open circuit voltage (OCV) does not drop sharply, whereas a sharp voltage drop indicates the loss of battery integrity and internal short circuit [12, 13] . Al Hallaj et al. [12] conducted thermal runaway tests on Sony 18650 cells and found that the sharp voltage drop occurred around the separator melting point. However, Feng et al. [13] found the sharp voltage drop occurred only 15-40 s ahead of the uncontrolled temperature increase. This voltage drop phenomenon is not suitable as a warning signal that immediate action is required to prevent thermal runaway. In addition, before the voltage drop, the voltage remains almost unchanged and does not reveal the thermal runaway process in the initial stage. In order to characterize battery behavior during the entire thermal runaway process, it is necessary to track the battery temperature change.
The thermal runaway process can be triggered by high temperature, and there is a thermal runaway onset temperature above which the battery temperature will uncontrollably increase. Temperature values that indicate the onset of thermal runaway have been reported. Al Hallaj et al. [12] measured the onset of thermal runaway at 104 • C, 109 • C, and 144 • C, where the differences were related to various battery OCVs. The thermal runaway onset temperature is influenced by not only the battery OCV, but also the type of battery cathode material. For commercially available cathode materials, their oxidation ability follows the order of LiCoO 2 > LiMn 2 O 4 > LiFePO 4 [14] . Their thermal stability follows the reverse order, and the order of the theoretical onset of thermal runaway is LiCoO 2 < LiMn 2 O 4 < LiFePO 4 . The reported thermal runaway onset temperature for LiFePO 4 is 246 • C [15] .
A 3D model was built to verify the experimental results [15] . The model prediction agrees well with the oven test data.
The temperature distribution in a battery can be nonuniform, especially during the thermal runaway process. Feng et al. [13] measured the battery case temperature and the core temperature, and found that the temperature difference can be as high as 520 • C. The modeling result [16] also indicated the existence of temperature difference. Nonuniform temperature distribution indicates where the thermal runaway process is triggered. Thermal runaway can initiate at some spots and propagate to the entire battery; for example, the localized temperature of the initial spot for battery thermal runaway can be as high as 800 • C.
Gas generation can occur during both normal operation and thermal runaway, but the gas composition is different in each process. During normal operation, the generated gases are CO 2 , CO, CH 4 , and O 2 [17] . During thermal runaway, the generated gases are H 2 , CO 2 , CO, CH 4 , C 2 H 6 , and C 2 H 4 [18, 19] . The flammable hydrocarbons are usually related to the electrolyte involved in the battery system. The H 2 generation is related to the thermal runaway process. During thermal runaway, toxic fluoroorganics can also be generated [20] . Battery aging can also influence the gas composition. Roth et al. [21] compared the change of gas composition from punctured cells before and after the aging process. The volume percentage of CO composition increased from 4.2% to 11.3%, CO 2 increased from 12.6% to 26.3%, and oxygen increased from 0.1% to 1.7%.
Thermal runaway propagation among a battery pack that includes several individual cells is also worth notice. Thermal runaway may initiate in a single cell and propagate to the other cells in the battery pack. In this case, two thermal runaway scenarios present. For the initial cell, the thermal runaway is internally induced, whereas the other cells are at risk of thermal runaway by heating from the outside. Feng et al. [22] conducted a thermal runaway test on a battery pack containing six pouch-shaped batteries stacked together. They induced thermal runaway by penetrating one of the batteries on the end with a nail, and found that the thermal runaway cell can heat the other cells from the side. In their work, the thermal runaway onset time is defined as the moment that the temperature increased at least 10 • C in a second, and it was found that the thermal runaway in the other cells started at a temperature only around 100 • C. Enlarging the space between cells in a battery pack can decrease the probability of thermal runaway propagation [23] . Lamb et al. [24] found that the electrical connection on a battery pack can work as the thermal conducting pathway, and a battery pack with different electrical configurations presented different behaviors during the thermal runaway event. A battery pack in which six 18650 batteries were fully connected in series remained intact after the thermal runaway, but the other battery pack, which was fully connected in parallel, was destroyed.
Some of the above-mentioned features could be incorporated into the battery management system (BMS) to limit the battery operation condition within a safety range. For example, Guo et al. [15] built a battery thermal model with a finite element approach. Forgez et al. [16] built a thermal model for the cylindrical battery to predict the battery internal temperature with an accuracy within 1.5 • C. This model is not complex, which makes it promising to be used in the BMS. The other methods that can improve the intrinsic thermal stability of batteries will be discussed in the following sections.
Preventing Thermal Runaway Using Separators
The separator is one of the basic components of a Li-ion battery. The separator can be made of paper, gel, or polymer. Among these materials, the polymer separator is the most widely used in commercial Li-ion batteries. As mentioned, the separator is placed in the middle of the positive and negative electrodes inside a battery. From the battery operation perspective, a separator serves two functions: it prevents direct contact between the two electrodes, and it provides a pathway for the lithium ions. The separator is always made of insulation materials that will not cause an internal short circuit in the battery, and it has a porous structure that can absorb liquid electrolyte. Battery electrochemical reactions rely on this ionic pathway provided by the separator. The implementation of a polymer separator also improves Li-ion battery safety. Since a polymer separator has a porous structure, if the battery temperature increases to near the separator melting point, the separator pores will close. This pore closure process is referred to as "separator shutdown".
The separator shutdown blocks the pathway between the positive and negative electrodes, and stops the electrochemical reactions. The battery impedance will also usually increase during this process. In the shutdown process, the polymer separator will not collapse at once, which means that the separator shutdown will not fully stop all of the reactions immediately. As a direct result, the battery will not start to cool down immediately during the separator shutdown or even after the separator shutdown [25] . The temperature at which the separator shutdown will be activated depends on the separator melting point. For example, the polypropylene (PP) and polyethylene (PE) separators will melt around 160 • C and 140 • C, respectively [25] .
The separator needs to retain its integrity during the shutdown process. Otherwise, if the separator shrinks during the shutdown process, the blocked positive and negative electrodes will directly connect with each other and lead to internal short circuit [26] . At this stage, the advantage of the separator shutdown no longer exists. In a single-layer polymer separator using only one type of material, the shutdown temperature is close to the separator melting temperature, which only allows a narrow margin for the separator shutdown to function. Even if the separator shutdown works, the separator will also still melt and shrink, which makes it difficult for a single-layer polymer separator to maintain integrity. There are designs for triple-layered polymer separators where the PE single layer is sandwiched between two PP layers. This design provides a certain safety margin due to the difference in the melting points. Another approach to improve the separator safety is to use ceramic materials in the polymer separator. The ceramic/polymer composite separator has a higher melting temperature and is more thermally stable than the polymer separator [27] .
Fire Prevention Using Flame Retardants
In the thermal runaway process, the heat-releasing reaction will lead to the battery temperature increase, and the gases accumulated inside the battery will cause the internal pressure to increase. In order to improve the battery safety and prevent an explosion, multiple safety mechanisms have been implemented. The electrolyte used in a Li-ion battery is a solution of solvent, inorganic lithium salt, and some additives. Since the operating voltage of a Li-ion battery is usually higher than 3 V, the solvent in the cell is a nonaqueous organic liquid, which is typically a mixture of cyclic and acyclic carbonate solvents. Although cyclic solvents usually have a higher flash point than non-cyclic solvents, the latter are combustible due to their low flash point. For example, the flash points of diethyl carbonate (DEC), dimethyl carbonate (DMC), and methyl ethyl carbonate (EMC) are 33 • C, 15 • C, and 22 • C, respectively [28] . The flammable organic electrolyte has the lowest thermal stability among all of the components. During the thermal runaway process, the electrolyte can release flammable gases and the cathode material can generate oxygen. Under this condition, the increasing Li-ion battery temperature makes the battery prone to catching fire.
Several methods to improve the thermal stability of the electrolyte have been proposed. One approach is to add flame retardants (FRs) to the electrolyte. The first requirement of the FR is that its flash points should be higher than the corresponding values of the above-mentioned acyclic solvents. Moreover, the implemented FRs should be inert and should not hinder the battery's performance and the electrochemical reactions inside it. Xu et al. [29] found that triethyl phosphate (TEP) and trimethyl phosphate (TMP) were unstable on the graphite electrode. Hexamethylcyclophosphate (HMPN) has a high melting point, but the viscosity is also high. Adding these FRs can undermine the battery's performance. In order to improve these shortcomings, Xu et al. [30] synthesized tris-(2,2,2-trifluoroethyl) phosphate (TFP), bis(2,2,2-trifluoroethyl)-methylphosphate (BMP), and (2,2,2-trifluoroethyl) diethyl phosphate (TDP). They investigated the flame-retarding ability and electrochemical properties of the three additives. It was found that all three additives maintain the electrolyte conductivity and have excellent electrochemical properties. Xu et al. found that TFP has the best overall performance compared to BMP and TDP. As an additive to the electrolyte, in order to improve the thermal stability of the electrolyte without hindering the cycling performance, the weight percentage of the flame retardant content is usually less than 20% [31] . Some optimum values of the flame retardant content are reported as follows: 10 wt % 1-butyl-1-methylpyrrolidinium hexafluorophosphate (BMP-PF 6 ) [32] , 10 wt % cresyl diphenyl phosphate (CDP) [33, 34] , and 5-10 wt % 4-isopropyl phenyl diphenyl phosphate (IPPP) [35] . Table 1 lists some FRs found in the literature.
Instead of adding FRs to the electrolyte directly, another strategy is to incorporate the FRs into the battery by confining them to the separator. The FRs in the separator are designed to be released at a certain temperature. For example, Liu et al. [36] built a nonwoven electrospun Li-ion battery separator that has thermal-triggered flame-retardant properties. The separator is made of electrospun microfiber that is specially designed with a core-shell structure. The core is made of triphenyl phosphate (TPP), which is an FR. The shell is made of poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP), which is insoluble in the electrolyte, and can protect the core. The TPP has a melting point around 160 • C, which corresponds to the early stage of combustion. Meanwhile, the PVDF-HFP will not influence the battery electrochemical reactions. Liu et al. [36] claimed that this design provides flame-retarding ability without hindering the battery's performance. When the battery temperature increases to the melting point of PVDF-HFP (160 • C), the encapsulated TPP FR will be released into the electrolyte. At room temperature (around 25 • C), 4% TPP is in the electrolyte.
Several manufacturers offer TPP, TEP, and TMP FR products for batteries: Jiangsu Yoke Technology; Tianjin Shilianrui Zuran Material; Zhejiang Wansheng; Jinan Taixing Fine Chemicals; and Jiangsu Changyu Chemical Industry. The applications and limitations of these FR products are mentioned above.
Beyond adding FR to the electrolyte, another strategy to increase battery safety is to replace the current low flash point solvents with a high flash point electrolyte, which can make the electrolyte intrinsically inert to fire. Arbizzani et al. [37] mixed the hydrophobic ionic liquid N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyr14TFSI) with the conventional EC(ethylene carbonate):DMC (with 1 M LiPF 6 ) electrolyte, and found that the battery thermal resistance can be improved. Some other researchers tried to eliminate the combustible vapor generation sources by implementing a solid-state electrolyte. Wang et al. [38] made a concentrated fire-extinguishing electrolyte with TMP as the solvent and LiN(SO 2 F) 2 (LiFSA) as the lithium salt. The molar concentration of LiFSA is higher than 3 M. This electrolyte is nonflammable, and has the potential to work as a fire extinguisher to put out the fire on other battery components. However, the high-concentration electrolyte (HCE) has certain disadvantages such as high cost, high viscosity, and poor wettability [39] . Chen et al. [39] developed a localized high-concentration electrolyte (LHCE) by diluting the electrolyte (3.2 M LiFSI in TEP) with bis(2,2,2-trifluoroethyl) ether (BTFE). Their test results on lithium batteries proved that the electrochemical performance of the LHCE is better than the HCE. 
Fire and Explosion Prevention Using Cell Venting
Another strategy for improving battery safety is to add fail-safe mechanisms into the battery. Typically implemented fail-safe mechanisms include safety vents, thermal fuses, and shutdown separators. Safety vents are designed to release extra internal pressure and prevent the continuous increase of internal temperature. Once the temperature is beyond the separator shutdown working temperature range, the thermal runaway can continue. At this time, flammable gases from the battery materials, including organic electrolyte, will accumulate inside the battery. Allowing the gas accumulation may result in the rupture of the battery. A cell-venting mechanism is designed to reduce the battery's internal pressure and release the gases.
When the cell venting is activated, the accumulated gases inside a battery will burst out at once. With the safety vents, the battery internal gases are released in a controlled way rather than in an uncontrolled explosion. After the venting, not only can the gathered flammable gases be released, but a large amount of heat contained in the gases can also be released to the environment. Furthermore, venting can reduce the pressure applied on the battery separator and reduce the risk of battery internal short circuit. The concept of a battery vent aims to decrease the pressure built up in the thermal runaway process and prevent battery rupture. Based on the Institute of Electrical and Electronics Engineers (IEEE) standard for rechargeable batteries for cellular telephones [47] , cell vents are suggested for cell phone batteries: "Cells shall be designed to include a consistent vent design or mechanism, for example, foil, edge, seam, or score. The vent mechanism shall be designed to minimize projectiles and maximize [the] retention of cell contents". For an 18650 type Li-ion battery, the thermal runaway can propagate to the entire battery in less than 2 s [26] . The battery internal pressure will build up in this short time frame. The vent design should be able to handle the corresponding gas flux. Mier et al. [48] found that not only gases vented, but also the electrolyte and even solids. They also observed a venting-generated shock wave at approximately Mach 1, which indicated the high rate of gas venting.
Based on patent information, cell venting designs vary among battery types. Usually, an 18650 battery has small vent "windows" in the positive terminal cap for releasing extra internal pressure, whereas a prismatic battery uses a fill hole as the battery vent [49] . For example, one vent design for 18650 batteries is a fragile cap that breaks when the critical pressure is reached [50] . The typical cap structure of an 18650 cylindrical battery is shown in Figure 1 . The cap contains a vent disk that has scoring made in prior. If the battery internal pressure increased to a critical point due to the gas accumulation, the vent disk will break at the scoring and form a pathway for the gas venting. Another vent design for a cylindrical-shaped battery (not 18650) for e-cigarette usage simply uses a sealed pinhole as the vent, the original purpose of which is for electrolyte injection [51] . In either design, if the vents are clogged by battery materials during the venting process, the battery pressure will increase and result in an explosion [49] . Additionally, in the 18650 battery, Finegan et al. [52] found that not only the clogged vent, but also insufficient gas venting can lead to battery bursting. Some 18650 battery designs include a central mandrel for ensuring that the gas has an escape route. However, under the gas pressure, even the mandrel can move and puncture the battery cap, thereby becoming a high-speed projectile [52] .
The International Electrotechnical Commission (IEC) [53] defines venting as "release of excessive internal pressure from a cell/battery in a manner intended by design to preclude rupture or explosion". However, there is no specific requirement for vent design in the IEC document. Based on the European Council for Automotive Research and Development (EUCAR) hazard levels and descriptions of Li-ion batteries, a Li-ion battery is classified as level 4 (venting) if there is no fire or flame, no rupture, or no explosion, and if weight loss is greater than or equal to the electrolyte weight [54] . Table 2 (modified from Ref. [54] ) lists the eight hazard levels. The range of levels changes from zero to seven, with the severer situation at a higher level. The venting process is a critical point, and there is no flame at this level, which means that the flammable gases are released through the cell venting without ignition. In a worse case, the high-temperature flammable gases accumulated inside the battery ignite after venting. The International Electrotechnical Commission (IEC) [53] defines venting as "release of excessive internal pressure from a cell/battery in a manner intended by design to preclude rupture or explosion". However, there is no specific requirement for vent design in the IEC document. Based on the European Council for Automotive Research and Development (EUCAR) hazard levels and descriptions of Li-ion batteries, a Li-ion battery is classified as level 4 (venting) if there is no fire or flame, no rupture, or no explosion, and if weight loss is greater than or equal to the electrolyte weight [54] . Table 2 (modified from Ref. [54] ) lists the eight hazard levels. The range of levels changes from zero to seven, with the severer situation at a higher level. The venting process is a critical point, and there is no flame at this level, which means that the flammable gases are released through the cell venting without ignition. In a worse case, the high-temperature flammable gases accumulated inside the battery ignite after venting. Explosion Explosion (i.e., disintegration of the cell).
* The presence of flame requires the presence of an ignition source in combination with fuel and oxidizer in concentrations that will support combustion. Thus, if a spark source were added to the test configuration and the gas or liquid expelled from the cell was flammable, the test article would quickly progress from level 3 or level 4 to level 5 [54] . * The presence of flame requires the presence of an ignition source in combination with fuel and oxidizer in concentrations that will support combustion. Thus, if a spark source were added to the test configuration and the gas or liquid expelled from the cell was flammable, the test article would quickly progress from level 3 or level 4 to level 5 [54] .
Extinguishing Li-ion Battery Fires
According to the National Fire Protection Association (NFPA), fires are classified into five different kinds (classes A, B, C, D, and K) (see Table 3 for the definitions) [55] . The classification of a Li-ion battery fire can vary, but generally fits into classes A, B, or C. In some cases, a Li-ion battery is used as the power source, and the fire involves electrical devices. In other cases, a fire caused by a Li-ion battery can spread and ignite nearby materials. Fire extinguishers for Li-ion batteries vary based on the extinguishing agent, such as dry chemicals, carbon dioxide, foam, water, halons, and dry powders. Carbon dioxide can be used to suppress the fire, but it does not cool the battery down [56] .
Putting out a Li-ion battery fire refers to both extinguishing the open flame and decreasing the battery temperature. If the battery temperature is high enough after the open flame is extinguished, there is still a possibility that the battery will reignite. In 2013, the Fire Protection Research Foundation conducted Li-ion battery fire testing on full-scale-model vehicles. In one of the tests, the battery reignited 22 h after the open flame was extinguished [57] . In 2017, there was a Li-ion battery fire incident in California involving an electric vehicle. The potential electrical hazard for the firefighters convinced them to use carbon dioxide fire extinguishers. Although the carbon dioxide extinguishers were successful, Andrew Klock, senior project manager at the NFPA, claimed that water would have worked to cool down the car and prevent reignition [58] .
Current standards do not have specific requirements for extinguishing Li-ion battery fires. Standards for Li-ion batteries are published by the Institute of Electrical and Electronics Engineers (IEEE), Underwriters Laboratories (UL), and the United Nations (UN), but they focus only on battery abuse testing to ensure that Li-ion batteries are safe during transportation. The tests are designed to be conducted under abusive conditions, such as crack, drop, shock, heating, and abnormal charging. This research gap forced the NFPA to conduct an assessment of Li-ion battery hazards [56] . The identified issues related to extinguishing Li-ion battery fires are: limited understanding of battery flammability, lack of fire protection specifications for battery packs, and unclear effectiveness of potential fire-extinguishing suppressants.
Conclusions and Recommendations
Numerous Li-ion battery fire and explosion incidents have attracted more and more attention to the issue of battery safety. This paper discussed three strategies for reducing the number of battery fire incidents: separator shutdown, flame retardants, and cell venting. Although the most widely used polymer separator has a shutdown function, once the separator shrinks and loses its integrity, the shutdown function is useless. As for flame retardants, the major issue is whether they hinder the battery's performance. Recent research showed the possibility of replacing the carbonate-based electrolyte with another organic electrolyte that has better thermal stability. The implementation of cell venting cannot guarantee that the heated battery content will be blocked inside the battery case during the thermal runaway. The battery venting design should consider blocking the heated battery content while releasing the accumulated gases. Lowering the gas release threshold or adding a screen on the vent can improve the venting function.
The strategies for extinguishing Li-ion battery fires were also discussed. Current available standards provide battery safety testing under abusive conditions, including electrical/mechanical/thermal abuse, but do not provide guidance for battery fire protection or extinguishing Li-ion battery fires. When extinguishing battery fires, cooling the battery is as important as suppressing the flame.
